Wastewater is an important source of pathogenic enteric microorganisms in surface water and a major contaminating agent of drinking water. Although primary and secondary wastewater treatments reduce the numbers of microorganisms in wastewater, significant numbers of microbes can still be present in the effluent. The aim of this study was to test the feasibility of tertiary treatment for municipal wastewater treatment plants (WWTPs) using PIX (FeCl 3 ) or PAX (AlCl 3 ) coagulants and peracetic acid (PAA) the disinfectant to reduce microbial load in effluent. Our study showed that both PIX and PAX efficiently reduced microbial numbers. PAA disinfection greatly reduced the numbers of culturable indicator microorganisms (Escherichia coli, intestinal enterococci, F-specific RNA coliphages and somatic DNA coliphages). In addition, pathogenic microorganisms, thermotolerant Campylobacter, Salmonella and norovirus GI, were successfully reduced using the tertiary treatments. In contrast, clostridia, Legionella, rotavirus, norovirus GII and adenovirus showed better resistance against PAA compared to the other microorganisms. However, interpretation of polymerase chain reaction (PCR) analysis results will need further studies to clarify the infectivity of the pathogenic microbes. In conclusion, PIX and PAX flocculants followed by PAA disinfectant can be used as a tertiary treatment for municipal WWTP effluents to reduce the numbers of indicator and pathogenic microorganisms.
INTRODUCTION
Primary and secondary wastewater treatment typically achieves 90-99.9% reduction of enteric microbial numbers, and rapid sand contact filtration as tertiary treatment can achieve further 90-99% reductions (Koivunen et al. ; Rajala et al. ) . However, these treatment processes may not always be sufficient to achieve a microbiologically safe effluent that can be discharged into natural waters or be reused. Some microorganisms, such as Legionella, can even thrive during the wastewater treatment process (Kusnetsov et al. ) . There have also been numerous drinking water contamination incidents and waterborne outbreaks caused by wastewater intrusion into drinking water (Zacheus & Miettinen ) . It is important to devise the efficient methods for tertiary wastewater treatment processes that fit different needs and also in consideration of the fact that wastewater composition can vary with the seasons in different climates.
The coagulation-flocculation process efficiently removes suspended solids (SS), organic matter (OM), phosphorus and also microorganisms (Ûgurlu et al. ) . The performance of the coagulation-flocculation process is largely affected by the coagulant type. The most commonly used coagulants are AlCl 3 , Al 2 (SO 4 ) 3 , FeCl 3 and Fe 2 (SO 4 ) 3 , because they are inexpensive and have been demonstrated to be very effective in the electro-coagulation process (Yang et al. to cause high residual aluminium concentrations in the treated water (Yang et al. b) , which raises concerns about the potential toxicity of residual aluminium. Therefore ironbased coagulants may be comparatively safer for the environment. Peracetic acid (PAA, CH 3 COOOH) is an organic peroxy compound, which has strong oxidizing properties (Liberti & Notarnicola ) . PAA treatment efficiently inactivates many pathogenic and indicator microorganisms in wastewaters (Sànchez-Ruiz et al. ; Wagner et al. ).
One of the benefits of PAA disinfection is that it does not produce any significant amounts of toxic or mutagenic disinfection by-products or chemical residues, in the effluent The aim of this study is to find modern methods for improving municipal WWT processes. The work deals with tertiary treatment of municipal wastewater to improve the microbiological quality of wastewater effluents. The study hypothesis is that tertiary wastewater treatment using PIX or PAX flocculation followed by PAA disinfection would significantly reduce the large amount of enteric microbes in wastewater effluents.
MATERIALS AND METHODS

Wastewater
The WWTP of Siilinjärvi, Finland, with a hydraulic load of 3,150 m 3 /day, treats domestic wastewater that is produced by 25,000 inhabitants and a commercial laundry. The WWTP uses a physical primary treatment and a secondary treatment using activated sludge followed by chemical precipitation before discharging the effluent into surface water. Both influent and effluent wastewaters were sampled and transported to the laboratory within one hour of sampling. The analyses were initiated on the same day.
The wastewater quality varied according to the season, i.e.
the wastewater may contain runoff water in summer but not in winter and the water temperature in summer reaches over 20 W C and in winter is less than 10 W C.
The experiment was divided into two segments: (1) pretreatments with coagulation-flocculation and (2) disinfection.
In addition, dissolved air flotation (DAF) was tested at the Sii- 
Disinfection
The flocculated wastewater was further processed for disinfection using PAA (Kemira, Finland) within 2 hours of the sampling. In the PAA disinfection experiment, one litre of wastewater after flocculation was taken into a glass decanter.
PAA (11%) was added at a dose of 5 mg PAA/L with a contact time of 5 min and mixed thoroughly using a magnetic stirrer for the entire experiment for experiment 1, i.e. for influent and effluent (results presented in Table 1 ). In the other experiments, PAA (11%) was dosed at 3 mg PAA/L with a contact time of 5 min. PAA was quenched by adding 1,000 μL/L sodium thiosulfate (10% Na 2 S 2 O 3 ) and the H 2 O 2 residues were eliminated by adding 10 μL/L Sigma catalase. The test was carried out with three replicates for indicator microorganisms, but pathogenic microorganisms were determined from one pooled sample.
Similarly, in the 30 L flocculation test, 3 L of flocculated water sample was taken for disinfection by PAA (11%) using a similar method as for the 1 L disinfection test.
Microbial analysis
The number of coliphages (with hosts E. coli ATCC 13706
and 15597), enterococci, spores of SRC and Salmonella were determined by cultivation. The methods used were: the The concentrated sample was used for viral DNA isolation and quantitative PCR as described above. The log 10 growth values were determined for the inoculated samples.
ISO/DIS -. () for coliphages, SFS-EN-ISO -
Physiochemical methods
Chemical oxygen demand (COD) was measured using a HACH DR/2010 spectrophotometer according to the manufacturer's instructions. Total-P was determined from peroxy disulfate digestion (SFS  ). Biochemical oxygen demand (BOD) analysis was performed by using the Oxitop Control system (WTW, Weilheim, Germany) according to the manufacturer's instructions. NH 4 -N was analysed using HACH (HACH LANGE, DR 2800) with Nessler method.
Data analysis
The microbial indicators were analysed as three replicates.
In 
RESULTS
The wastewater effluent still contained high amounts of different microorganisms as can be seen in Tables 1-3 .
Coagulation and flocculation with PIX and the disinfection with PAA improved the quality of both wastewater influent and effluent so that significant (P < 0.05) microbial reductions could be achieved (Table 1) . PAA disinfection was more efficient against the effluent than the influent.
DAF was not operating well as shown in the microbiological results and COD, BOD, total-P and NH 4 -N of effluents with (Table 2) or without DAF treatment (Table 1) were very similar. However, PAA disinfection was effective (>1 log 10 ) against all the indicator microorganisms, except against spores of clostridia (Table 2 ). This result is similar to those presented in Table 1 , where the PAA concentration was higher than in the experiment presented in Table 2 .
With respect to the pathogenic microorganisms, PAA also reduced the presence of Salmonella, Legionella,
Campylobacter and norovirus GI but not rotavirus, adenovirus and norovirus GII (Table 2) .
PIX and PAX flocculation clearly reduced the numbers of enterococci and clostridia in comparison to other indicator microorganisms and also PIX-PAA (PAA Table 2 | Reduction of microbes in wastewater dissolved air flotation disinfected by 3 mg/L PAA. Microbial counts are presented as log 10 CFU/100 mL or PFU/100 mL for indicators as geometric means ± standard deviations (N ¼ 6). Variation between two parallel experiment dates for pathogenic microbes are indicated by a dash sign (-). LDL¼ less than detec- Table 3 ). PIX-PAA showed a better reducing effect on E. coli (P ¼ 0.34) and enterococci (P ¼ 0.05) when compared to PAX-PAA, but this latter Table 3 | Microbial reduction in wastewater effluent flocculated with coagulants PIX-111 and PAX-18, and followed by 3 mg/L PAA disinfectant. *Adenoviruses were spiked to the effluent.
Log 10 CFU/100 mL and PFU/100 mL except noroviruses and adenoviruses are log 10 genome copies/mL and Salmonella is determined for 25 mL. Geometric means ± standard deviations (N ¼ 2-3). LDL ¼ less than detection limit (detection limit ¼ 1 CFU/mL or 1 GC/mL). Water temperature was 11 ± 1 W C
PIX PAX
Somatic coliphage 3.9 3.1 ± 0.63 2.6 ± 0.04 3.1 ± 0.38 2.4 ± 0.03 combination achieved a greater reduction of somatic
The low number of noroviruses in effluent hampered the precise comparison of two flocculants since these viruses were reduced to the level of less than the detection limit. However, adenovirus seemed to be resistant against PAA disinfection (Table 3) 
DISCUSSION
The WWTP effluent can still contain rather high microbial numbers (Table 1) and some pathogenic microorganisms can also grow in wastewater effluent (Vital et al. ) increasing the health risks. There can be extensive variation in the numbers of pathogenic microorganisms and the diver- () . In these studies, the effect of PAA against non-sporing bacteria tended to be good, but sporing clostridia seemed to be more resistant against PAA and they were even more resistant in flocculated influent compared to flocculated effluent (Tables 1 and 2) . Similarly, campylobacteria as non-sporing bacteria were sensitive to PAA (Table 2) (EC ), since it contained less than 200 cfu/100 mL intestinal enterococci and less than 500 cfu/100 mL E. coli (Tables 1 and 3 ).
The relatively high numbers of Legionella in municipal wastewater effluent (Tables 2 and 3 ) will have to be studied in the future since this bacterial group can spread into the air and cause serious illnesses, even death in humans. This bacterium has often been found in industrial wastewaters where it can grow in aeration tanks (Kusnetsov et al. ) , but there is also a previous report (Huang et al. ) indicating that it may thrive in municipal wastewater aeration basins and then spread with the effluent into the environment.
Nonetheless in the present work, the numbers of Legionella were clearly less than in industrial wastewaters (Kusnetsov et al. ) . According to these results, the WWTPs should study the possibility that there can be growth of Legionella bacterium in their aeration tanks and evaluate whether workers should always use protecting masks or whether the aeration tanks should be covered so that Legionella and other pathogenic microorganisms do not spread via bioaerosols into the work environment and neighbouring areas.
In conclusion, PIX and PAX flocculation followed by PAA disinfection reduced large numbers of enteric and pathogenic microbes from wastewater effluent confirming the study hypothesis. Subsequently, these WWT processes can be suggested as good options for tertiary wastewater treatment. If better reductions of these microorganisms are needed, then it is recommended that higher doses of PAA, or a longer contact time, should be used.
